We report experimental generation of nonclassically correlated photon pairs from collective emission in a room temperature atomic vapor cell. The nonclassical feature of the emission is demonstrated by observing a violation of the Cauchy-Schwarz inequality. Each pair of correlated photons are separated by a controllable time delay up to 2 microseconds. This experiment demonstrates an important step towards the realization of the Duan-Lukin-Cirac-Zoller scheme for scalable long-distance quantum communication.
particular, Kuzmich et al. have reported striking results on generation of nonclassical photon pairs in a sample of cold atoms. Compared with those experiments, our experiment is distinctive by the following features: (i) We observe nonclassical correlation between photon pairs generated from a room-temperature atomic vapor cell. The observed correlation is comparable to that reported in Ref. [18] , but our setup of room-temperature atoms is much cheaper compared with the magnetic-optical trap used for cold atoms [18] , and the use of cheaper setups could have advantage in future full realization of the DLCZ scheme where many such basic setups are required. The experiment in Ref. [19] is also based on the use of an atomic vapor cell, however, it is not performed in the single-photon region as required by the DLCZ scheme. (ii) Compared with instantaneous photon pairs produced previously in atomic cascades [20] or in parametric down conversion [21] , the atomic ensemble experiments are distinct in that the correlated photon pairs generated in this system can be separated with a controllable time delay, which is in principle only limited by the single-photon storage time in the atomic ensemble. In our experiment, we demonstrate a time delay of 2 microseconds between the pair of nonclassically correlated photons, which is considerably longer than the 400-nanosecond time delay reported before [18] . It is important to experimentally improve this storage time to facilitate the full realization of the DLCZ scheme, which requires quantum memory [14, 15] .
The basic idea behind this experiment can be understood by considering a sample of three-level atoms in a Λ type configuration as illustrated in Fig. 1b . Most of the atoms are initially prepared in the state . The write pulse is controlled to be weak so that the average Stokes photon number scattered into the specified forward propagating mode ) (r w ψ is much smaller than 1 for each pulse [14, 22] . We detect the photon in this mode, and upon a detector click, one atom will be excited to the collective atomic mode 
where a N is the total involved atom number. It has been predicted that there will be a definite correlation between the photon number in the forward propagating mode ) ( 1 r ψ and the atom number in the collective mode s [14] , and this correlation is critical for all the applications based on this setup, including the implementation of quantum repeaters. To experimentally confirm this correlation, we transfer the collective atomic excitation to a photonic excitation after a time delay t δ by shining a read laser pulse on the ensemble which couples to the transition PBS so that they have orthogonal polarizations when going through the silica atomic vapor cell. After the cell, we need to separate the weak signal of Stokes or anti-Stokes photons from the strong write and read laser pulses, and this is done through both polarization and frequency selection. Right after the cell, the second polarized beam splitter 2 PBS will separate the signal from the pumping laser beams with an extinction ratio of about 7000.
Further frequency filtering is achieved by the glass cells F1 and F2, each containing Rubidium atoms initially optically pumped to the hyperfine levels
, respectively. As in Ref. [18] , the residual write (read) laser pulses after the 2 PBS will be strongly attenuated 5 10 by the atomic cells 1 F ( 
DATA AND RESULTS
In experiments, the detectors for the Stokes and anti-Stokes photons typically have count rates of 220 Fig. 2a (the left column) . The first peak represents the coincidence within the same duty cycle (say i), and the following peaks are coincidences between the ith trial and the following trials. In Fig. 2b (the right column) , by expanding the time axis, we show the detailed time shape From these measured time resolved coincidences, we can confirm the nonclassical (quantum) correlation between the Stokes and the anti-Stokes fields. As the anti-Stokes field is transferred from the collective atomic mode, this also confirms the nonclassical correlation between the collective atomic mode and the forward propagating Stokes mode. To confirm the nonclassical feature of the correlation between the Stokes and anti-Stokes fields, as in Ref. [18] we make use of the Cauchy-Schwarz inequality. As has been pointed out by Clauser [20] and discussed in detail in ref. [18] , the normalized auto and cross correlations functions Fig. 2c, from 
, so the Cauchy-Schwarz inequality (2) is manifestly violated by our experiment. This clearly demonstrates that up to a delay time of s µ 2 , we still get non-classically (quantum) correlated photon pairs from our experiment.
In the ideal case, if there are no noise and imperfections, the Cauchy-Schwarz inequality could be violated to a much larger extent. If the excitation probability of the collective atomic mode is p for each write pumping pulse, we could get a violation of the inequality (2) with
in the ideal case. In our experiment, the excitation probability p is estimated to be between 0.1 and 0.2, which in principle could allow a significantly larger violation. In practice, however, several sources of noise and imperfection degrade the extent of violation of the Cauchy-Schwarz inequality. Firstly, in a room-temperature atomic vapor, due to the atomic motion and the Doppler broadening, the atomic excitation can be diffused from the collective atomic mode to some other modes, and vice versa. Such a diffusion will significantly reduce the cross-correlation between the Stokes and anti-Stokes fields. Secondly, there are significant background fields due to imperfect filtering. The background fields are uncorrelated and they will also reduce the cross-correlation between the Stokes and anti-Stokes fields. Unlike the cold atom ensemble [18] , the optical thickness of the atomic vapor cell is pretty large, so we estimate that uncorrelated spontaneous emission is not a dominant source of noise in our case [22] . The signal-to-noise ratio of this experiment probably could be improved by increasing the detuning of the pumping laser, by improving the filtering ratios, by reducing the power of the write beam, or by adjusting the configuration of the atomic cell to prolong the spin relaxation time.
In the experiment, the write pulse intensity was kept low. The probability of exciting one Stokes photon is small (about 0.1-0.2), and the probability of exciting two Stokes photons is then much smaller (0.01-0.04). In this case, it is justified to use the Cauchy-Schwarz inequality to characterize the non-classical character of the photon correlations [18] . In our experiment, the anti-Stokes photons have a lower count rate, which is mainly caused by incomplete read out: first, the atomic ensemble is initially unpolarized, so the read out efficiency is at most 1/2 even in the perfect case. This efficiency is further reduced by the imperfect mode mismatching, the collection and the detection inefficiency of the anti-Stokes photons, which combined together, gives the lower count rate of the anti-Stokes photons.
CONCLUSION
Our experiment represents a significant advance towards the realization of scalable quantum communication scheme suggested by DLCZ [14] , as it demonstrates in a cheap device the non-classical correlation between the light and the Proc. of SPIE Vol. 5468 115 collective atomic mode at the single-particle level as required by the DLCZ scheme. Of course, the full demonstration of the complete DLCZ quantum repeater proposal is still challenging, and it certainly requires a series of step-by-step experiments. For instance, in the next step, one would like to try to get better single-photon correlations by increasing the signal-to-noise ratio, to increase the storage time of the single excitation in the atomic ensemble, to see the interference of the Stoke photons emitted by different trials, and to demonstrate entanglement between two and more ensembles. All these represent interesting opportunities for future experiments.
In summary, we have observed generation of non-classical photon pairs from a room-temperature atomic vapor cell.
Each pair of correlated photons can be separated by a controllable time delay which is limit only by the coherence time in the atomic ground state manifold. Up to a delay time of s µ 2 , we still clearly demonstrate non-classical correlation between the Stokes and anti-Stokes fields from the room-temperature atomic vapor. Compared with the cold atom experiment, the setup involved here are much cheaper. This experiment shows the prospect that such a cheap system could be used as a basic element for realization of quantum repeaters and long-distance quantum communication.
